The authors previously established that DEL1, an atypical E2F variant that acts as a transcriptional repressor, inhibits both the endoredupicative cell cycle and (among other targets) CPD photolyase transcription. Here they further characterize the role of DEL1 in UV resistance and response, and attempt to tease apart-not entirely successfully-the contributions of endoreduplication vs. photoreactivation of CPDs in UV resistance. They establish that DEL1 directly binds the PHR1 promoter, and that it is involved (as a repressor) in the regulation of its basal levels, but not in its more substantial induction by UVB. This corresponds well with the fairly mild improvement in CPD repair rate observed in the DEL1 KO. The observed inhibition of DEL1 transcript by UV is very interesting, suggesting -loosely-that induction of endoreduplication-or some other DEL1-suppressed function-may play a basic role in damage response, but this is not followed up in a conclusive way. Major issues: In general, how does the dose at which an effect of UV resistance is observed compare with a "natural" dose of UV? Is this effect significant in terms of resistance to UV under natural conditions? Figure 5d is both very important and problematic-this may be a problem related to the appearance and disappearance of data points when zooming in and out of a pdf. Many of the data points do not appear to have error bars, not all data points are drawn, and in one very important case (wt, no UV) the line drawn seems to ignore the data point-this makes it difficult to evaluate this data. To me, it looks like "wt no UV", and the mutant, with or without UV, all run in parallel in terms of EI-but this is not the conclusion reached by the authors. The persistence of dimers in the phr1 KO probably induces a replication checkpoint and so makes endoreduplication impossible-this doesn't mean endoreduplication is irrelevant to UV resistance in a repair-competent cell. Thus I wouldn't rule out a possible contribution of endoreduplication or other unknown DEL1-suppressed functions) to UV resistance. Related to this, I would have really liked to see the "endoreduplication mutant" data, A simple polyploid might also be a good test of the long-standing hypothesis that polyploidy should enhance damage resistance. Think Luca Comai may have already published data on resistance to damaging agents in polyploids (in regards to tilling), but probably not using UV as a damaging agent. Minor issues: In the Introduction-dimers do not "typically" lead to DSBs. Plants can resist the induction of tens of thousands of dimers, even in photolyase defective lines-I really doubt they could resist the induction of tens of thousands of DSBs. Also, HR is not a repair pathway for dimers-it may sometimes be used to restore replication at a blocked fork, but it doesn't remove the dimer. It's a damage tolerance pathway, not a repair pathway. The extant literature on induction of PHR1 (in other organisms, as well as plants) by DNA damage might be discussed. Normally more than one null mutant would be phenotyped, to control for effects of background mutations. But given the complementary phenotype of the OE lines, I could overlook this.
In summary, this is a very well written paper that considers a number of long-standing issues in plant response to DNA damage, and contributes some important new data, particularly the repression of DEL1 by DNA damage, the DEL1-independent UV-induction of PHR1, and the effect of DEL1 over-expressors and KOs on UV resistance. Although there is, unfortunately, no really conclusive evidence for the mechanism by which DEL1 suppresses UV resistance, the authors establish that there is an interesting connection between DEL1 and damage response.
Referee #2 (Remarks to the Author):
The authors have made use of a microarray study and looked for genes that are upregulated in the del1 mutant and downregulated by DEL1oe, mirroring the way endoreduplication and ccs52 changes in these conditions, and found some 10 genes, including PHR1, which they confirmed by Q-RT-PCR. They have shown by ChIP that DEL1 binds to PHR1 promoter somewhere at the region where there is an E2F element. Further they show more UV-damage repair in del1 mutant, that they suggest to correspond to the elevated basal PHR1 levels (though upon UV induction the PHR transcript level become even higher in del mutant compared to WT). A more detailed analysis of PHR1 promoter would be required to dissect the basal and UV induced regulatory elements, to learn about tissue specificity and what is the context of DEL1 regulation within this promoter. Anyhow, the growth of del1 mutant appears to do worst upon mild UV stress, while DEL1oe is mildly more sensitive. They decide to focus only on del1 mutant in their further analysis (not clear why?), and provide data that the increased growth might be fuelled by an increased percentage of cells with a higher level of endoredulication. Contrary to this, the phr1 mutant is extremely hypersensitive to UV, and has reduced endoreduplication. The del1phr1 double is as bad as the phr1 single upon UV treatment, they interpret this as epistasis and conclude that del1 mutant grow slightly better under mild UV because of elevated basal level ofPHR1. The manuscript deals with an important topic how plants cope with access UV damage, and have found a potentially important molecular link that could be part of the mechanisms. Endoreduplication also reduced somewhat in the del1 mutant upon UV treatment, indicating that del1 is only one factor. 4. "p9 Cell number was reduced by 57.7% in the UV-B treated E2Fe/DEL1 KO leaves versus 44.6% in the control" These must be the other way around. 5. Their interpretation of Fig 6, ""suggesting that enhanced UV-B tolerance in the E2Fe/DEL1KO plants depends on the transcriptional induction of PHR1." is a possible but very unlikely scenario, probably not fully true. Phr1 mutant is strongly UV hypersensitive, while del1 mutant is only mildly grow better. They also know, that PHR1 can still be induced in del1 mutant, and should function there. 6. I am not sure why they did not follow up the DEL1oe plants in terms of growth/flow cytometry analysis, induction of PHR1 by UV. 7. DEL1 expression is strongly downregulated by UV. In the discussion they say "suggesting a role in DNA damage response". I thought it would be more normal if DEL1 would be induced in this case. However, they are right, the absence of DEL1 (as a repressor) might allow the expression of genes needed for DNA repair. 8. Their model is that UV leads to reduction in cell number that is compensated by increased growth fuelled by endoreduplication. DEL1 goes down upon UV, allowing an increase in PHR1 and CCS52 (though PHR1 seem to be induced by UV independent of DEL1 much more strongly. and they have not tested DEL1oe). This leads to repair by PHR1 and endoreduplication by CCS52. However not only cell proliferation, but also endoreduplication is reduced by UV, as shown in Fig 4D. 9. Does E2FA regulates PHR1 on their microarray? Referee #3 (Remarks to the Author):
The manuscript by Radziejwoski et al presents a very interesting molecular connection between UV-B-induced DNA repair and plant growth. The De Veylder group previously published that one of the atypical E2Fs, DEL1, functions as a transcriptional repressor of the CCS52A2 gene, a positive regulator of the endocycle. In this manuscript, they further show that a DNA repair gene PHR1 is another direct target of DEL1, thus allowing coordinated progression of DNA repair and endocycles upon UV-induced DEL1 downregulation. The manuscript is well written and figures are clearly presented. I have only minor suggestions to improve the manuscript.
1. To strengthen the data, it would be a good idea to test if DEL1 actually binds to the putative E2F binding site in the promoter sequence of PHR1. The authors have previously performed a similar CHIP experiment for CCS52A2 by mutating the putative E2F binding site (Lammens et al, 2008) .
2. If there is no previous publication on the phr1 mutant allele used in this study, authors should include more details, e.g. position of the insertion, transcript levels by RT-PCR, in the manuscript. 3. To complete the story, it might be a good idea to test whether 35S-driven PHR1 expression can rescue the UV-B sensitivity of the DEL1 overexpressors. 4. Page 9 line 17, "permanently" is too strong as authors only look at up to 12 days after UV irradiation. 5. Figure legend 1 , ATC2, I assume they mean ACT2. 6. Figure legend 5 , endoreduplication, not endorepublication.
7. Figure 5 , Labelling of the FACS diagrams with Col/phr1 and treated/untreated would be a visual help.
1st Revision -authors' response 14 October 2010
REPLY TO THE REVIEWERS' COMMENTS
Reviewer #1
1.
A typical dose of 45 kJ/m2 is obtained in mid-latitude summer days (48°N, 500 m altitude), implying that the UV-B doses at which the E2Fe/DEL1 lines respond fall within the range of natural occurring UV-B radiation. This point has been explicitly added to the Results. Figure 4D has been improved. Some error bars might still be difficult to see, because of their low value. As highlighted in the Results, the figure shows that control plants undergo less endoreduplication after UV-B treatment (likely because of a transient inhibition of DNA replication). Initially, the endoreduplication of E2Fe/DEL1 KO plants is reduced similarly by the UV-B treatment, but recovers faster. As discussed, this quick recovery probably originates from the increased PHR1 levels.
The resolution of

3.
We agree with the reviewer that endoreduplication might still contribute to UV-B resistance in a repair-competent cell. Additionally, we realized that the other endoreduplication mutants tested all connect directly or indirectly to the E2Fe/DEL1 pathway. Therefore, all statements excluding a PHR1-independent role for endoreduplication in UV-B resistance were removed from the manuscript.
4.
Polyploid plants have been demonstrated before to display a slightly improved UV-B resistance (see e.g. Hase et al., 2006) , but polyploidy is not exactly equal to endoreduplication. Endoreduplication is developmentally controlled and never found in meristems, whereas polypoidy occurs in all tissues (including meristems) and at a same level. Therefore, endoreduplication and polyploidy seem to be two different mechanisms leading to an increase in the DNA content and cannot be compared.
5.
We thank the reviewer for pointing out that in plants double-strand breaks are not a typical byproduct of CPDs. This statement has been removed from the introduction.
6.
As little is known on the transcriptional control of PHR1 genes in plants, a brief summary has been included in the Introduction.
Reviewer #2
1.
As requested, the concentration of CPDs was measured in the different genotypes before the UV-B treatment (see Supplemental Figure 1 ). No significant differences were observed. The reason might be that under non-stressed conditions PHR1 levels are not limiting to repair the residual level of CPDs. This assumption has been added to the experimental data section.
2.
We believe that cropping the pictures visually masked the negative effects of the 35kJ/m2 UV-B dose on rosette diameters. We solved this problem by showing a larger frame, in which the pictures and biomass measurements are clearly correlated (see new Figure 3 ). The slight differences between Figure 3 and the previous Figure 6 (deleted in the new version because of comment #5) can be explained by the fact that the first experiments were done in a sun simulator (as indicated in the legends) and later in a suitable Weiss chamber. Nevertheless, under both growth conditions, the trend was similar. Moreover, under one single condition, experiments were highly reproducible.
3a.
Based on the reviewer's interesting comment, the response of a young (5th) versus an older (3rd) E2Fe/DEL1 KO leaf was compared. As illustrated in the new Figure 5 , leaf recovery was much more pronounced in the youngest leaf, in agreement with the observation that E2Fe/DEL1 transcripts are most abundant in dividing tissues of wild-type plants. As these data substantiate our previously proposed model, they have been added to the manuscript.
3b.
In both DNA ploidy experiments (presented in Figures 4 and 6) , the endoreduplication index (EI) in the control plants was reduced upon UV-B treatment. The decrease in EI in the second experiment is illustrated in Figure 6E . A slight difference between the two experiments might be attributed to the ecotype (Col-0 and Ler in Figure 4 and 6, respectively). Ler is used in the second experiment as control for the phr1 mutant (which is in a Ler background).
4.
Numbers have been corrected.
5.
We agree with the reviewer that the conclusions drawn from the comparison between the single PHR1 K0 (in Col-0 background) and the double DEL1 KO PHR1 KO mutants might be biased by the much more pronounced phenotypic response of a PHR1 KO mutant than that of a E2Fe/DEL1 KO mutant. Therefore, we decided to remove these data.
As E2Fe/DEL1
OE plants express the atypical E2F transcription factor ectopically in tissues in which it might otherwise never be present, we restricted the labour-intensive and timeconsuming cellular analysis to the knockout line only.
7.
The referee is right that because E2Fe/DEL1 operates as a transcriptional repressor, its expression should be down-regulated to contribute to the DNA damage response pathway.
8.
The reviewer correctly noticed that not only cell division, but also the endoreduplication cycle is (transiently) inhibited by the UV-B treatment. However, E2Fe/DEL1 KO plants overcome this inhibition faster than control plants. Therefore, we hypothesize that E2Fe/DEL1 KO plants recover better after the UV-B treatment because they repair the damaged DNA more rapidly than control plants (because of their increased PHR1 levels). Because of this faster repair, plants resume their endocycle more quickly, resulting in an increased population of high ploidy cells that support leaf growth.
9.
In our hands, the PHR1 gene is not induced in plants overexpressing E2Fa/DPa as similarly, the other well-characterized E2Fe/DEL1 target gene (CCS25A2), indicating that typical and atypical E2Fs control the expression of a different set of genes.
Reviewer #3
We agree with the referee that our data would be strengthened if we could demonstrate that E2Fe/DEL1 binds to the PHR1 promoter through the E2F-binding site, by using a combination of promoter mutagenesis and ChIP. However, we were unable to clone the PHR1 promoter. Additionally, we hope that the reviewer will understand that because such an experiment requires a lot of time, we would prefer to omit it. Nevertheless, an independent and unpublished ChIP-chip experiment located the E2Fe/DEL1 protein on the promoter of PHR1. Although these data do not give the ultimate proof that the E2F-binding site is absolutely required, preferential binding was observed in its close proximity.
2.
The phr1 mutant used in Figure 6 (previously Figure 5) was obtained from the Arabidopsis seed stock center, as indicated now in the Materials and Methods. We isolated and characterized the PHR1 knockout (previous Figure 6 ), because we needed the phr1 mutation in a Col-0 background to cross it with the E2Fe/DEL1 KO . This line is completely null for PHR1, as demonstrated by quantitative RT-PCR analysis and its hypersensitivity towards UV-B. However, to comply with the comments of reviewer #2 (point 5), the double mutant analysis has been removed and, thus, no genotyping data are provided. Nevertheless, the mutant and genotyping data are freely available upon request.
3.
The idea to try complementing the UV-B sensitivity by a PHR1-overexpressing construct is an excellent one. However, again because of time constrains, we hope that the reviewer is already convinced of the correctness of the model with the available data.
4.
The referee is right and, as such, the term "permanently" has been deleted.
5.
Typos have been corrected.
6.
Labels have been added to the FACS diagrams as a visual aid.
2nd Editorial Decision 08 November 2010
Thank you for submitting your revised manuscript to the EMBO Journal. I asked the original referee #2 to look at the revised version and I have now received his/her comments. As you can see below, referee #2 finds the revised manuscript improved, but s/he also has a few remaining questions that needs further clarification. I would like to ask you to respond to these last issues in a final revision. When you send us your revision, please include a cover letter with an itemised list of all changes made, or your rebuttal, in response to comments from review. The authors have tried to address most of my concerns, and corrected the manuscript accordingly. However, I still have some questions that I would like to be clarified.
DEL1 was shown and discussed by the authors as a major regulator of endoreduplication, yet in standard conditions, in Fig 4 there appears to be a relatively small difference in endoreduplication between WT and del1 KO and only at 18+6days.
PHR1 has been identified as a potential target of DEL1 regulation by microarray in standard growth conditions. They convincingly show in Fig 1 direct binding and repression of PHR by DEL1. I still do not understand therefore why there is no difference before and after UV exposure, but only during recovery in CPDs if PHR1 level is responsible for DNA repair. It is not really stated how long they have treated plants with UV in Fig 2, but I guess that as in other experiments, several days. On the other hand, as they show in Fig 7A, PHR1 expression is induced by UV ~30 times, irrespective of DEL1 (also in the del1 KO). This suggest that DEL1 regulation of PHR1 is not important during UV induced DNA brakes. They respond to this question "The reason might be that under non-stressed conditions PHR1 levels are not limiting to repair the residual level of CPD".
